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Escherichia  coli  were  genetically  modified  to  enable  programmed  motility,  sensing,  and  actuation 
based  on  the  density  of  features  on  nearby  surfaces.  Then,  based  on  calculated  feature  density,  these 
cells  expressed  marker  proteins  to  indicate  phenotypic  response.  Specifically,  site-specific  synthesis 
of  bacterial  quorum  sensing  autoinducer-2  (AI-2)  is  used  to  initiate  and  recruit  motile  cells.  In  our 
model  system,  we  rewired  E.  colVs  AI-2  signaling  pathway  to  direct  bacteria  to  a  squamous  cancer 
cell  line  of  head  and  neck  (SCCHN) ,  where  they  initiate  synthesis  of  a  reporter  (drug  surrogate) 
based  on  a  threshold  density  of  epidermal  growth  factor  receptor  (EGFR) .  This  represents  a  new  type 
of  controller  for  targeted  drug  delivery  as  actuation  (synthesis  and  delivery)  depends  on  a  receptor 
density  marking  the  diseased  cell.  The  ability  to  survey  local  surfaces  and  initiate  gene  expression 
based  on  feature  density  represents  a  new  area-based  switch  in  synthetic  biology  that  will  find  use 
beyond  the  proposed  cancer  model  here. 
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Introduction 

Synthetic  biology  engenders  design-based  rewiring  of  a  cell’s 
genetic  circuitry  for  the  synthesis  of  novel  products 
(Kwok,  2010).  In  such  cases,  cell  populations  are  aligned  for 
optimal  production.  While  Nature’s  biosynthetic  toolbox  is 
vast — missing  are  measures  that  exploit  high  level  functions 
of  cells  to  enable  autonomously  computed  and  directed 
outcomes  (Tsao  et  al ,  2010).  That  is,  a  less  commonly 
examined  but  equally  innovative  strategy  envisions  a  repro¬ 
grammed  cell  itself  or  small  collections  of  cells  as  the  end 
products  of  synthetic  biology,  as  these  cells  execute  extra¬ 
ordinary  tasks  (Forbes,  2010).  Recently,  Saeidi  et  al  (2011) 
engineered  an  E.  coli  to  sense  and  kill  nearby  pathogenic 
P.  aeruginosa  by  secreting  pyocin  S5  in  response  to  its 
identifying  signal  molecule,  30Ci2HSL.  Indeed,  engineered 
signaling  or  communication  networks  are  envisioned  to 
endow  bacteria  with  the  ability  to  seek  out  new  populations 
(Defoirdt,  2011).  Bacteria  have  also  been  engineered  to  carry 
and  deploy  ‘cargo’  at  selected  surfaces  (Fernandes  et  al,  2011). 
These  concepts  have  yet  to  be  combined  for  autonomous 
operation. 

Bacteria  harness  the  signal  transduction  processes  of 
quorum  sensing  (QS)  as  a  means  of  inter-  and  intra-species 
communication  and  the  coordination  of  population-based 


phenotypes.  This  cell-to-cell  communications  network  is 
controlled  by  the  synthesis,  transport,  and  sensing  of  its 
autoinducer  signaling  molecules.  Contrary  to  the  idea  that 
it  is  the  cell  number  that  initiates  a  QS  response,  several  studies 
have  demonstrated  that  autoinducer  concentration  is  the 
determining  factor.  That  is,  by  manipulating  the  autoinducer 
concentration  via  genetic,  physical,  or  biochemical  means,  one 
can  elicit  a  QS  response  in  even  one  (Carnes  et  al ,  2010)  or  a 
few  bacterial  cells  (Fernandes  et  al,  2010).  For  example,  we 
created  an  autoinducer-2  (AI-2)  synthesizing  fusion  protein 
(referred  to  as  a  ‘nanofactory’)  onto  which  any  antigen¬ 
targeting  antibody  can  be  assembled  for  antigen-localized  AI-2 
synthesis  (Fernandes  et  al,  2010).  This  was  used  to  elicit  a  QS 
response  among  one  strain  from  within  a  mixed  culture  of  two 
AI-2  responding  strains  and  in  the  absence  of  a  quorum. 

By  altering  their  QS  genetic  circuits,  we  engineered  bacteria 
to  find  cells  of  interest  (diseased  or  otherwise),  dock  on 
associated  surface  receptors  or  biomarkers  (‘features’), 
integrate  surface  feature  density,  and  also  decide  whether  or 
not  to  initiate  gene  expression.  This  ‘smart’  bacterium 
reinforces  the  notion  of  an  expanded  synthetic  biology 
umbrella  that  confers  new  capabilities  on  the  individual  cell. 
The  resultant  cell  has  capabilities  that  could  be  viewed  as 
analogous  to  a  dirigible — a  transport  vehicle  that  autono¬ 
mously  navigates  and  carries  or  deploys  important  cargo. 
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Autonomous  bacterial  localization  and  gene  expression 
H-C  Wu  etai 


The  particular  circumstances  of  our  exploratory  experi¬ 
ments  leveraged  the  AI-2  signaling  pathway  of  bacterial  QS  to 
direct  bacterial  swimming  to  a  squamous  cancer  cell  line  of  the 
head  and  neck  (SCCHN)  and  subsequently  initiate  the 
synthesis  of  a  reporter  protein  based  on  a  threshold  density 
of  epidermal  growth  factor  receptor  (EGFR).  Several  studies 
have  demonstrated  the  use  of  bacteria  for  both  the  synthesis 
and  delivery  of  proteins  or  other  toxins  in  cancer  models 
(Forbes,  2010).  None,  however,  have  demonstrated  high  level 
discrimination  of  tumor  from  healthy  cells  with  regard  to 
differential  surface  biomarker  profiles.  In  our  case,  cell 
localization  was  also  governed  by  bacterial  chemotaxis,  since 
AI-2  is  a  chemoattractant,  recruiting  bacteria  to  its  place 
of  synthesis.  Bacterial  swimming  was  thus  initiated  and 
guided  by  site-directed  synthesis  and  diffusion  of  AI-2  from  a 
template-assembled  nanofactory.  AI-2  is  a  chemoattractant 
and  serves  as  a  molecular  sentinel  that  recruits  bacteria  to 
its  place  of  synthesis.  Upon  arrival,  the  bacteria  sensed  the 
prevailing  AI-2  concentration  that  was  directly  proportional  to 
the  local  EGFR  surface  density.  A  pre-programmed  QS 
response  then  served  to  coordinate  phenotype  by  initiating 
DsRed  gene  expression  within  the  localized  population  of 
bacteria.  Overall,  this  serves  as  a  phenotype  ‘focusing’  system 
(Balazsi  et  al,  2011;  Xie  et  al,  2011)  and  maintains  the  switch  in 
an  ‘off’  state  until  the  desired  threshold  is  reached  (Figure  1). 

Results 

AI-2  synthesis  from  template-assembled 
nanofactories  and  activation  of  docked  bacteria 

In  Figure  1,  the  bacterium’s  motility  and  switching  capabilities 
rely  upon  bacterial  QS,  a  density-dependent  cell-cell  commu¬ 
nication  process  mediated  by  the  transmission  and  propaga¬ 
tion  of  chemical  autoinducers  (Miller  and  Bassler,  2001; 
Waters  and  Bassler,  2005).  Responding  to  a  threshold 
autoinducer  level  coincident  with  a  quorum,  cells  initiate 
coordinated  changes  in  gene  expression  (Hooshangi  and 
Bentley,  2008).  Recognizing  the  complexities  of  this  system 
that  arise  from  its  chemical  reaction,  diffusion,  cell  motility. 


and  gene  expression  components,  we  first  constructed  a  series 
of  studies  using  biofabricated  surfaces  that  enabled  spatio- 
temporally  controlled  microenvironments  for  elucidating 
design  and  fabrication  parameters.  Receptor  and  signaling 
gradients  were  assembled  via  avidin-loaded  biotin-coated 
EFISA  wells.  In  Figure  2 A,  avidin  is  a  target  for  FITC-labeled 
rabbit  anti-avidin  IgG  conjugated  AI-2  synthesizing  nanofac¬ 
tories  (NFs)  (Fernandes  et  al ,  2010).  The  NF  is  a  chimeric 
fusion  protein  expressed  and  purified  from  E.  coli  consisting  of 
an  IgG-binding  motif  (protein  G),  two  AI-2  synthases,  Pfs  and 
FuxS,  which  convert  S-adenosylhomocysteine  (SAH)  into 
AI-2,  and  affinity  tags  for  covalent  or  metal-ion  coupling  to 
surfaces.  In  Figure  2B,  we  depict  the  level  of  NF  binding  and 
AI-2  production  as  a  function  of  coated  avidin.  We  used  a 
mathematical  model  for  E.  colVs  AI-2  regulated  QS  genetic 
switch  (Hooshangi  and  Bentley,  2011)  to  evaluate  sensitivity 
and  strength  of  the  switch  as  a  function  of  ambient  AI-2 
concentration.  Correspondingly,  we  engineered  E.  coli  (W3110 
A IsrFG  AluxS)  for  hypersensitivity  to  AI-2  and  inoculated  them 
into  wells  above  the  NF.  Upon  detection  of  ~  1-5  pM  AI-2, 
these  cells  express  T7  polymerase  that  amplifies  the  native  1st 
operon  response  by  overexpressing  DsRed  (see  Supplementary 
Figure  1).  NF  fluorescence,  AI-2  level,  and  DsRed  production 
from  these  AI-2  responding  cells  were  all  correlated,  as 
expected.  NF  was  bound  to  the  surface  with  saturation 
dependence  (e.g.,  Fangmuir  isotherm).  AI-2  levels  were 
proportional  to  NF  loading.  DsRed  profiles  indicate  both  that: 
(i)  cells  responded  proportionally  to  the  AI-2  level  and  (ii)  AI-2 
concentration  increased  monotonically  over  the  26-h  owing  to 
sustained  Pfs  and  FuxS  enzymatic  activity  as  assembled  on 
chips.  Results  from  Figures  2A  to  C  demonstrate  binding  of  the 
signal-generating  NF  to  a  programmed  feature-ladened  surface 
through  antigen-antibody  interaction.  This  enabled  calibra¬ 
tion  of  both  AI-2  productivity  and  the  AI-2  cell  response. 

A  functioning  system  requires  autonomously  triggered  gene 
expression  of  bacterial  cells  that  are  immediately  proximal  or 
in  direct  contact  with  surface  features.  To  design  and  test  this 
attribute,  we  engineered  bacteria  so  they  would  ‘dock’  onto 
surfaces.  In  Supplementary  Figure  2,  we  expressed  Strepto¬ 
coccal  protein  G  (Tanaka  et  al,  2006)  as  a  surface-displayed 
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Figure  1  A  bacterial  ‘dirigible’  concept.  Biological  nanofactories  (NFs)  that  synthesize  bacterial  AI-2  are  targeted  to  epidermal  growth  factor  receptor  (EGFR)  on  the 
surface  of  squamous  cell  carcinoma  of  head  and  neck  (SCCHN)  line,  PCI-1 5B.  AI-2  molecules  are  emitted  from  the  cell  surface  and  recognized  by  reprogrammed 
bacteria,  which  swim  to  the  site  of  signal  generation  and  decide,  based  on  AI-2  level  (which  is  proportional  to  the  EGFR  surface  density),  whether  or  not  to  initiate  gene 
expression. 
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Figure  2  In  situ  generation  of  AI-2  though  surface  assembled  NF  and  QS-activated  gene  expression  from  ‘docked’  bacterial  cells.  (A)  Scheme  for  NF  targeting  on 
various  densities  of  avidin  chips.  NFs  are  fusion  proteins  comprising  Pfs,  LuxS  (for  AI-2  synthesis)  and  protein  G  (IgG-binding  motif,  for  antibody  conjugation).  Anti-avidin 
(FITC)  coupled  NFs  target  to  avidin-coated  chips  and  catalyze  SAH  to  AI-2.  (B)  NF  targeting  and  subsequent  in  vitro  AI-2  synthesis  on  avidin  plate  wells.  NF  loading  was 
determined  by  FITC  fluorescence  and  AI-2  concentrations  were  measured  by  Ellman’s  assay  (Fernandes  et  al,  2010).  (C)  E.  co//  W31 10  (A IsrFG  A luxSj  response  to 
in  vitro  AI-2  synthesized  by  NF  assembled  onto  avidin  plate  wells.  Bacterial  suspensions  were  added  directly  to  wells  and  DsRed  intensities  were  measured  via 
fluorescence  plate  reader.  The  negative  control  is  without  SAH  addition.  (D)  Conceptual  bacterial  docking  via  surface-expressed  protein  G  and  outer  membrane 
assembled  anti-avidin  IgG  facilitating  binding  to  avidin  on  chip  surface.  Subsequent  application  of  AI-2  triggers  QS  switch  (Isr  gene  expression)  as  indicated  by  DsRed 
fluorescence.  (E)  E.  coli  W3110  cells  with  surface-expressed  protein  G  decorated  with  anti-avidin  IgG  were  applied  to  wells  with  various  avidin  densities.  Unbound 
bacteria  were  washed  followed  by  40  |iM  AI-2  addition  (this  concentration  is  above  QS  threshold).  After  12  h,  fluorescence  images  depict  immobilized  cells.  (F)  Image 
analysis  (ImageJ)  revealed  number  of  bacteria  on  avidin  surfaces.  Both  cell  number  and  DsRed  fluorescence  were  linear  with  avidin  loading.  Source  data  for  this  figure  is 
available  on  the  online  supplementary  information  page. 


fusion  with  outer  membrane  protein  A  (OmpA  vector  provided 
by  Dr  Georgiou;  Francisco  et  al,  1992)  in  W3110  (A IsrFG 
AluxS) .  This  allowed  ex  vivo  assembly  of  antibody  for  targeting 
and  docking  E.  coli  to  any  specified  surface.  Exactly  analogous 
to  NF  assembly  (Figure  2A),  anti-avidin  IgG-coated  bacteria 
were  loaded  onto  avidin-coated  chips  (Figure  2D)  and 
incubated  with  40  pM  AI-2.  The  number  of  bound 
FITC-labeled  bacteria  increased  linearly  with  avidin  until 
50  ng  (Figures  2E  and  F) .  Correspondingly,  the  number  of  AI-2 
responding  cells  also  increased  linearly,  demonstrating  that 
AI-2  sensing  bacterial  cells  were  spatially  organized  on 
antigen-laden  surfaces  in  proportion  to  feature  density. 


QS  activation  of  docked  bacteria  on  PCI-15B  via 
EGFR 

In  Figure  3A,  we  identically  reformulated  these  immobiliza¬ 
tion  protocols  using  SCCHN,  PCI-15B  (Thomas  et  al,  2004) 
(provided  by  Dr  Grandis)  that  displays  EGFR  at  high  levels 
(Wheeler  et  al,  2010;  Sahu  and  Grandis,  2011).  We  used 
HEK293  (human  embryonic  kidney  cells)  for  healthy  cell 
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controls  (low  expression  of  EGFR).  Both  were  seeded  in 
96-well  plates  of  increasing  cell  density  (also  receptor  density) . 
E.  coli  cells  were  induced  with  0.5  mM  IPTG  for  2  h  to  express 
OmpA:protein  G  followed  by  coupling  of  AF488-labeled  mouse 
anti-EGFR  IgG  (denoted  as  anti-EGFR).  Bacterial  cells  were 
then  cultivated  with  PCI-15B  and  HEK293  cells  for  EGFR 
targeting.  After  0.5  h,  the  wells  were  washed  with  DPBS  to 
rinse  off  unbound  bacteria  and  treated  with  goat  anti-mouse 
coupled  NF  (Figure  3A).  Thus,  AI-2  synthesized  should  be 
proportional  to  surface  feature  density  (via  linearity  between 
cell  number  and  surface  receptor  density);  also  those  bacterial 
cells  directly  in  contact  would  be  exposed  to  AI-2.  After 
washing  with  DPBS,  an  SAH  solution  was  added  and  bacterial 
fluorescence  was  monitored.  In  Figures  3B  and  C,  fluorescent 
and  bright  field  images  indicate  that  the  anti-EGFR  bacteria 
were  bound  to  the  cell  surfaces.  Moreover,  there  was  a  linear 
increase  in  bound  bacteria  with  eukaryotic  cell  number  until 
10  000/well  (R2  =  0.97).  Importantly,  after  12  h  with  SAH, 
bacterial  cells  at  only  the  two  highest  mammalian  seeding 
densities  (10  000  and  20  000  cells/well)  exhibited  DsRed 
expression  indicating  the  QS  switch  was  ‘on’.  Wells  with  low 
PCI-1 5B  densities  or  without  NF  treatment  had  minimal  DsRed 
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Figure  3  E.  coli  targeted  to  SCCHN  cell  line  PCI-1 5B  via  EGFR  and  QS 
activation  of  gene  expression.  (A)  Scheme  for  targeting  and  docking  bacteria  to 
receptors  on  mammalian  cell  surfaces  and  subsequent  NF  conjugation 
to  targeted  bacteria  for  local  AI-2  synthesis  and  delivery  bacteria  for  triggering 
QS  switch.  The  protocol  follows:  (i)  anti-EGFR  IgG  decorated  bacteria  facilitate 
cell  binding  to  EGFR  on  PCI-1 5B  cell  surfaces;  (ii)  secondary  Ab-NFs  are  directed 
to  immobilized  bacteria;  and  (iii)  NFs  convert  SAH  into  AI-2  for  initiating  gene 
expression  (Isr operon).  (B)  Indicated  densities  of  PCI-1 5B  or  HEK293  cells  were 
seeded  to  wells  followed  by  mouse  anti-EGFR  (AF488-labeled)  bacteria,  anti- 
mouse-NF  targeting  and  subsequent  SAH  addition.  DsRed  expression  was 
measured  after  12  h.  (C)  Analyses  of  fluorescent  images  yielded  linear  increase 
in  both  cell  number  and  DsRed  fluorescing  cells  with  PCI-1 5B  loading  (reflective 
of  EGFR  density).  The  HEK293  control  sample  exhibited  3.4  x  106  AF488 
fluorescence,  which  indicates  bacterial  docking  — 1/3  that  of  PCI-1 5B  at  seeding 
density  of  20  000  cells/well.  Source  data  for  this  figure  is  available  on  the  online 
supplementary  information  page. 


expression,  similar  to  the  HEK293  control  cell  surface.  These 
data  demonstrate  successful  QS-directed  switching  for  surface 
bound  cells  and  that  the  resultant  threshold  limit  for  initiating 
gene  expression  was  directly  related  to  EGFR  density.  Based 
on  previous  work  (Fernandes  et  al ,  2010)  and  these  data, 
we  estimate  410  bacteria  responded  to  0.5-2. 4  x  109  EGFRs  in  a 
1-mm2  area.  This  corresponds  to  ~0.15-0.75  x  106  EGFRs 
per  cell  that  falls  within  the  anticipated  range  (Zimmermann 
et  at,  2006). 


AI-2  attracts  bacteria 

Next,  to  establish  directed  bacterial  motility  we  exploited 
recently  discovered  AI-2-mediated  chemotaxis  (Hegde  et  al , 
2011) .  That  is,  we  created  a  defined  AI-2  gradient  as  a  stimulus 
for  evaluating  E.  coli  motility.  A  conventional  drug-delivery 
transwell  plate  apparatus  was  loaded  with  40  pM  AI-2  in  the 
upper  chamber  and  W3110  bacteria  in  the  lower  chamber; 
samples  from  each  were  withdrawn  after  1  and  2h.  In 
Figure  4 A,  the  calculated  concentration  gradient  is  depicted 
at  different  regions  in  the  transwell  apparatus.  While  the 
geometry  of  the  system  makes  somewhat  obscure  the  exact 
gradient  experienced  by  each  bacterium,  the  ‘typical’  cell  as 
determined  by  the  relative  area  within  the  apparatus  will  be 
exposed  to  gradients  depicted  at  points  C  and  D  where  the 
gradient  is  largely  dissipated  after  20  min.  Figures  4B  and  C 
demonstrate  that  one-third  of  the  bacteria  originally  placed 
in  the  lower  chamber  had  swum  vertically  against  gravity 
into  the  upper  chamber.  In  the  transwell  apparatus,  we  found 
the  bacteria  typically  needed  >  1  h  to  respond  and  swim 
the  estimated  3.5  mm  distance.  Subsequent  analysis 
(Supplementary  Figures  3-5)  showed  that  at  a  gradient  as 
small  as  0.06mM/mm  was  needed  to  elicit  a  rapid  motility 
response  from  sessile  E.  coli.  In  a  controlled  microfluidic 
device  with  directionally  defined  AI-2  gradient,  we  found  the 
preponderance  of  bacteria  could  swim  a  0.5 -mm  distance 
within  30-40  min. 


Functioning  programmed  system 

Results  from  Figures  1  to  4  demonstrate  that  time  and 
concentration  domains  must  be  known  and  integrated  into  a 
functional  system  design.  In  Figure  5,  we  depict  the  assembled 
system  comprising  motile  and  sensing/actuating  bacteria  that 
(i)  detect  signal  molecules  emanating  from  receptors  on  tumor 
cells,  (ii)  migrate  to  the  tumor  cells,  and  (iii)  based  on  receptor 
density,  initiate  gene  expression.  Recognizing  that  genome 
reconstruction  in  synthetic  biology  may  have  metabolic 
consequences  that  interfere  with  programmed  function 
(Bentley  et  al ,  1990;  DeLisa  et  al ,  2001;  Kwok,  2010),  our 
design  comprising  only  minimally  rewired  genetic  circuits 
(Tsao  et  al,  2010).  In  Figure  5A,  we  seeded  mammalian 
PCI-1 5B  and  HEK293  cells  on  gelatin-coated  glass  coverslips, 
introduced  anti-EGFR-NF  complexes  onto  confluent  cell 
layers,  and  applied  SAH  (500  pM)  into  the  top  compartment 
of  a  transwell  apparatus.  We  then  turned  the  gelatin  coverslips 
upside-down  allowing  direct  vertical  streamlines  from  bacteria 
to  mammalian  cells.  The  W3110  (A IsrFG  A luxS)  cells  were 
added  to  the  lower  wells  and  after  a  9-h  incubation  (time 
sufficient  for  AI-2  synthesis,  gradient  formation,  bacterial 
migration,  and  bacterial  gene  expression)  we  checked  whether 
the  bacteria  had  successfully  migrated  upwards  to  the  targeted 
mammalian  surfaces  and  initiated  gene  expression.  We 
measured  bacterial  OD,  in  vitro  AI-2  concentration,  bound 
NF  (AF488-labeled  anti-EGFR),  and  also  DsRed  fluorescence 
after  mammalian  cells  had  been  washed  off  unattached 
bacteria  and  NF  (Figures  5B  and  C).  The  number  of  bacteria 
found  in  the  upper  chamber  was  highest  for  the  PCI-1 5B  cells 
treated  with  SAH,  in  accordance  with  the  higher  level  of  AI-2. 
The  levels  of  AI-2  observed  in  the  upper  chamber  were  ~  5  pM 
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Figure  4  Bacterial  motility  directed  to  AI-2.  (A)  Simulation  (COMSOL)  of  AI-2  concentration  profile  over  time  within  the  transwell  apparatus.  AI-2  was  loaded  in  the 
upper  chamber  where  it  could  diffuse  through  the  membrane  to  the  lower  chamber  (initially  buffer).  The  top  four  plots  represent  the  concentration  gradients  in  time.  The 
bottom  chart  depicts  the  dynamics  of  the  local  concentration  gradient  at  specific  sites  (A,  B,  C,  and  D).  Chemotaxis  experiments  were  performed  as  follows:  40  |iM  AI-2  or 
SAH  (control)  was  added  to  the  upper  chamber  of  the  3  |im  6-well  inserts.  W31 10  cells  (OD  ~  1-1 .5)  rinsed  with  DPBS  three  times  were  then  resuspended  into  DPBS 
(OD  -0.14)  and  applied  into  bottom  wells.  The  inserts  were  incubated  under  static  conditions  at  37  °C  for  2  h.  Samples  were  obtained  from  each  chamber  via  pipette. 
(B)  Determination  of  bacterial  migration  under  bright  field  microscopy.  (C)  Systematic  optical  density  measurements  (OD600)  were  conducted  to  assess  migration  from 
the  source  (bottom)  upward  toward  the  chemoattractant  (top).  Source  data  for  this  figure  is  available  on  the  online  supplementary  information  page. 


Figure  5  Autonomously  functioning  sense  and  respond  system.  (A)  Schematic  depicts  nanofactories  assembled  onto  EGFRs  on  surface  of  PCI-1 5B  cells.  These  cells, 
in  turn,  are  cultivated  on  an  inverted  transwell  insert  exposing  cell  surfaces  and  nanofactories  to  the  bacterial  cells  initially  seeded  on  the  bottom  of  the  transwell 
apparatus.  The  bacteria  then  migrate  vertically  toward  mammalian  cells  and  subsequently  initiate  gene  expression  by  sensing  the  in  vitro  AI-2  gradient,  which  is  locally 
synthesized  by  the  NF  located  on  the  mammalian  cell  surfaces.  (B)  After  9  h,  bacteria  and  AI-2  levels  were  assayed  in  the  upper  chamber.  (C)  PCI-1 5B  cells  were  rinsed 
and  both  QS-activated  bacteria  (DsRed)  and  NF  (AF488)  were  imaged  and  assayed  (ImageJ,  D).  Source  data  for  this  figure  is  available  on  the  online  supplementary 
information  page. 


for  the  NF-treated  PCI-1 5B  cells  with  SAH  and  —  1  pM  for  the 
NF-treated  HEK293  cells.  Anti-EGFR-labeled  NF  was  bound  to 
PCI-1 5B  at  similar  levels  irrespective  of  SAH  addition,  and 
—  1.6-fold  more  than  HEK293.  Of  note,  DsRed  fluorescence 
was  highest  on  PCI-1 5B  cells  with  SAH  (Figures  5C  and  D).  The 
number  of  DsRed-expressing  bacteria  bound  to  the  PCI-15B 
cells  was  six  times  that  of  those  bound  to  the  HEK293  cells.  In 
control  experiments  with  no  SAH  which  had  no  gradient  in  AI- 
2,  there  was  neither  a  chemotactic  response  nor  altered  gene 
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expression  (<50  red  fluorescing  cells;  Figures  5B-D).  Impor¬ 
tantly,  the  in  vitro  AI-2  quantified  in  15B  +  SAH  sample  was 
5pM  that  was  above  the  determined  threshold  for  the  QS 
switch  (Supplementary  Figure  1;  Fernandes  et  al ,  2010).  Note 
that  AI-2  has  a  dual  role  in  both  guiding  bacterial  chemotaxis 
and  triggering  the  switching  response  (DsRed  expression; 
Figure  5C).  It  was  interesting,  but  unanticipated,  that  the 
threshold  AI-2  level  for  Isr  gene  activation  was  nearly  identical 
to  that  needed  for  cell  motility. 
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Discussion 

In  summary,  the  docking  of  anti-EGFR-NF  onto  mammalian 
cell  surfaces  was  specifically  controlled  by  EGFR  surface 
density  which,  in  turn,  controlled  subsequent  AI-2  synthesis, 
bacteria  migration,  and  the  switching  response  phenotype. 
The  signal  generating  and  cell  recruiting  design  shown  here 
provides  a  tractable  means  to  ensure  site-specific  gene 
initiation,  providing  a  focused  and  predicted  phenotype. 
While  we  demonstrate  signal  transmission  and  bacterial 
homing  in  this  system,  a  reduced  system  is  feasible.  For 
example,  bacteria  that  naturally  colonize  specific  niches  could 
be  re-wired  to  perform  switching  functions  based  on  prevailing 
feature  densities  (e.g..  Figures  3B  and  C)  or  localized  cell 
number  (via  self-generated  AI-2).  As  noted  earlier,  we  have 
intentionally  designed  this  system  so  that  the  incorporation  of 
the  control  functions  and  output  phenotype  rely  on  minimally 
altered  native  circuits.  This  is  in  contrast  to  many  applications 
of  synthetic  biology  wherein  artificial  or  metabolically 
orthogonal  controllers  (Gardner  et  al,  2000;  Focke  et  al , 

2011) ,  pathways  (Ro  etal,  2006;  Fortin  etal,  2007;  Atsumi  et  al, 
2008;  Dellomonaco  et  al ,  2011),  and  functions  (Elowitz  and 
Feibler,  2000;  Fung  et  al ,  2005;  Wong  et  al ,  2007;  Hsia  et  al , 

2012)  are  transformed  into  cells  yielding  distinctly  non-native 
cell  behavior.  That  is,  synthetic  biology  is  replete  with 
examples  of  novel  biological  tools  (Stephanopoulos,  2002; 
Zhang  et  al ,  2002;  Warner  et  al ,  2010)  that  endow  cells  with 
extraordinary  biosynthetic  capabilities  (Ro  et  al ,  2006;  Fortin 
et  al ,  2007;  Atsumi  et  al,  2008;  Dellomonaco  et  al ,  2011), 
tolerances  (Patnaik  et  al,  2002;  Stephanopoulos,  2002;  Yang 
et  al,  2010),  and  sense  and  respond  phenotypes  (Fevskaya 
et  al,  2005;  Strieker  et  al,  2008) .  Often,  in  such  cases,  although 
individual  cell  productivity  remains  susceptible  to  stochastic 
diversity  (Balazsi  et  al,  2011),  cell  populations  are  designed  for 
and  also  ‘aligned’  for  optimal  production. 

In  the  current  work,  we  envision  applications  wherein  the 
native  QS  systems  already  exist  (e.g.,  GI  tract),  and  Nature’s 
cues  feedback  on  and  co-regulate  the  engineered  bacterium 
(Anderson  et  al,  2006;  Duan  and  March,  2010;  Saeidi  et  al, 
2011).  In  this  way,  the  bacterium  or  a  small  sub-population  of 
like  cells,  perform  functions  based  on  the  prevailing  condi¬ 
tions.  In  the  system  described  here,  the  autoinducer  guides 
both  the  bacterial  motility  and  gene  expression.  While  we  have 
not  engineered  motility  to  respond  to  different  AI-2  gradients, 
we  have  engineered  cells  that  actuate  gene  expression  based 
on  different  AI-2  concentrations.  Perhaps,  a  single  bacterium 
could  be  engineered  so  that  chemotaxis  and  gene  expression 
could  be  actuated  by  different  concentrations  of  AI-2.  As  noted 
above,  we  also  envision  these  phenotypes  could  be  completely 
decoupled,  using  different  signal  molecules.  We  have 
also  noted  that  motility  responds  in  time  domains  far  more 
rapidly  than  gene  expression.  Hence,  the  system  could  be 
tuned  to  operate  based  primarily  on  time  rather  than 
concentration  so  that  distance  traveled  and  gene  expression 
are  tuned  for  a  desired  function.  Finally,  while  autonomous 
high-order  functioning  bacterial  cells  described  here  could  be 
added  to  the  growing  arsenal  of  disease  fighting  bacteria 
(Forbes,  2006;  Mengesha  et  al,  2007;  St  Stritzker  et  al,  2007; 
Jean  et  al,  2008;  Duan  and  March,  2010;  Patyar  et  al,  2010; 
Saeidi  et  al ,  2011;  Yu,  2011),  we  envision  many  applications 
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wherein  bacterial  cells  are  engineered  to  carry  out 
specified  tasks. 

Materials  and  methods 

Cell  strains  and  plasmid  construction 

E.  coli  K-12  W3110  (A IsrFG  AluxS )  was  generated  using  a  one-step 
inactivation  method  (Datsenko  and  Wanner,  2000)  and  were  used 
throughout  unless  otherwise  specified.  This  strain  responds  to  a 
significantly  lower  AI-2  concentration  than  wild-type  W3110 
(Supplementary  Figure  1).  PCI-15B  (Thomas  et  al,  2004)  (provided 
by  Dr  Jennifer  Grandis,  University  of  Pittsburgh)  is  a  cancer  cell  line 
that  expresses  EGFR  at  high  levels.  The  EGFR  displayed  on  the  surface 
of  PCI-1 5B  enable  bacterial  targeting.  HEK293  (human  embryonic 
kidney  cell,  ATCC  #  CRL-1573)  was  used  as  control  cells  as  they  exhibit 
significantly  lower  EGFR  on  their  surfaces.  Both  PCI-1 5B  and  HEK293 
cells  were  cultivated  in  Dulbecco’s  Modified  Eagle’s  Media  (DMEM) 
containing  glucose  (4.5 g/1),  GlutMAX  I  (3.97 mM),  and  10%  fetal 
bovine  serum  (FBS,  Sigma)  at  37°C  with  5%  C02.  To  construct  the 
plasmid  pET-DsRed_tac-ompA-proteinG  (Supplementary  Figure  2A), 
which  encodes  DsRed  and  surface  displayed  protein  G,  we  performed 
PCR  to  amplify  the  surface  display  fragment  including  the  outer 
membrane  protein  A  and  signal-peptide  (Ipp-ompA)  sequences  from 
the  template  vector,  pTXIOl  (provided  by  Dr  George  Georgiou, 
University  of  Texas,  Austin)  (Francisco  et  al,  1992)  and  a  protein  G 
fragment,  from  pET32-E72G3  (provided  by  Dr  Eiry  Kobataki)  (Tanaka 
et  al,  2006) .  Subsequently,  a  fusion  of  Ipp-ompA  and  a  protein  G  gene 
fragment  containing  a  Hindlll  site  was  generated  again  by  PCR  and 
then  inserted  into  pET-DsRed  with  Hindlll  (NEB)  ligation.  The 
resulting  plasmid  product  was  then  co-transformed  along  with  pCT6 
(Tsao  et  al,  2010)  vector  into  W3110  (A IsrFG  AluxS). 


Bacteria  response  to  in  vitro  AI-2  production 

For  creating  differential  antigen  surface  densities,  various  concen¬ 
trations  of  avidin  (Rockland  Immunochemicals)  were  added  to  pre¬ 
treated  biotin-coated  plates  (Pierce).  Anti-avidin  (FITC)  conjugated 
NFs  with  1:2  molar  ratio  (1/200  x  dilution)  were  applied  to  guide  the 
NF  targeting  toward  the  avidin  surface.  Bacteria,  as  described  above, 
were  resuspended  in  Dulbecco’s  Phosphate  Buffer  (DPBS;  Sigma) 
containing  1  mM  SAH  (Sigma)  and  then  incubated  in  the  NF-treated 
plates.  Bacterial  responses  to  AI-2  production  were  monitored  via  their 
fluorescence  response  using  a  plate  reader  (SpectraMax  M2;  Molecular 
Devices) .  In  vitro  AI-2  levels  were  measured  via  a  stoichiometric  proxy, 
homocysteine,  with  the  Ellman’s  assay. 


In  vitro  bacteria  targeting  and  switching/actuating 

E.  coli  cells  were  induced  with  0.5  mM  IPTG  for  2  h  to  express  protein  G 
followed  by  AF488-labeled  mouse  anti-EGFR  (Santa  Cruz  Biotechnol¬ 
ogy)  coupling.  Bacterial  cells  were  then  applied  to  a  96-well  plate 
(Greiner  Bio-One)  cultivated  with  PCI-15B  and  HEK293  cells  for  EGFR 
targeting.  The  wells  were  washed  with  DPBS  to  rinse  off  unbound 
bacteria  and  then  treated  with  goat  anti-mouse  coupled  NFs.  After 
washing  with  DPBS,  an  SAH  solution  was  added  to  the  wells  and 
bacterial  fluorescence  response  was  assessed  over  12  h. 

Simulation  of  in  vitro  AI-2  diffusion  profile  in  the 
transwell  configuration 

The  time-dependent  AI-2  concentration  distribution  was  modeled 
spatially  utilizing  COMSOL  Multiphysics  (COMSOL).  Using  an  axis 
symmetric  COMSOL  model  with  the  approximate  dimensions  of  the 
transwell  setup  (BD  Biosciences)  and  no  flux  across  any  boundaries, 
simulations  were  run  to  ensure  that  the  AI-2  gradient  across  the 
transwell  membrane  persisted  throughout  the  experimental  time 
course.  Diffusion  was  estimated  to  be  6  x  10  “ 6  (cm2/s)  from  the 
Wilke-Chang  correlation  with  water  as  the  solvent. 
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Chemotaxis  due  to  in  vitro  synthesized  AI-2 

In  vitro  AI-2,  SAH,  and  homocysteine  (Sigma)  were  diluted  into 
equivalent  concentrations  (40  pM)  with  DPBS  and  then  added  into  the 
top  compartment  of  transwells  (3  pm  porosity;  BD  Biosciences)  in 
6-well  plates  (Corning).  E  coli  cells  resuspended  in  DPBS  (OD600 
~0.15)  were  then  applied  gently  into  the  bottom  compartment  of  the 
trans wells.  The  plates  were  then  incubated  statically  at  37°C  for  2h; 
bacterial  dirigible  density  (OD600)  in  the  top  compartment  was 
assessed  as  a  marker  of  cell  motility. 

Chemotaxis  and  QS-initiated  gene  expression  in 
response  to  in  situ  AI-2  produced  by  locally 
targeted  NFs 

PCI-1 5B  and  HEK293  cells  were  seeded  onto  gelatin-treated  glass  slides 
(22  mm  round;  Fisher  Scientific)  1  day  before  experiments.  NF  was 
coupled  to  anti-EGFR  for  30  min  incubation  (2:1  molar  ratio)  and  then 
diluted  into  1  %  BSA-DPBS.  Afterward,  the  cells  were  treated  with  anti- 
EGFR-NF  for  0.5  h  followed  by  rinsing  with  DPBS  3  x  and  placed 
upside-down  into  500  mM  SAH  (DPBS)  containing  transwells  (3  pm 
porosity;  6-well  plate  formats).  The  glass  slides  were  incubated  at 
3  7°C  (in  5  %  C02)  followed  by  the  addition  of  bacteria  (OD600  ~  0. 1 5  in 
DPBS)  into  the  bottom  compartment  for  a  9-h  incubation.  AI-2 
production,  bacterial  migration,  and  genetic  responses  were  examined 
by  Ellman’s  assay,  OD60o>  and  fluorescence  microscopy,  respectively. 

Supplementary  information 

Supplementary  information  is  available  at  the  Molecular  Systems 
Biology  website  (www.nature.com/msb). 
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